Extended x-ray absorption fine structure measurements were performed on frozen hydrated samples of the cadmium (Cd)/zinc (Zn) hyperaccumulator Thlaspi caerulescens (Ganges ecotype) after 6 months of Zn 2ϩ treatment with and without addition of Cd 2ϩ . Ligands depended on the metal and the function and age of the plant tissue. In mature and senescent leaves, oxygen ligands dominated. This result combined with earlier knowledge about metal compartmentation indicates that the plants prefer to detoxify hyperaccumulated metals by pumping them into vacuoles rather than to synthesize metal specific ligands. In young and mature tissues (leaves, petioles, and stems), a higher percentage of Cd was bound by sulfur (S) ligands (e.g. phytochelatins) than in senescent tissues. This may indicate that young tissues require strong ligands for metal detoxification in addition to the detoxification by sequestration in the epidermal vacuoles. Alternatively, it may reflect the known smaller proportion of epidermal metal sequestration in younger tissues, combined with a constant and high proportion of S ligands in the mesophyll. In stems, a higher proportion of Cd was coordinated by S ligands and of Zn by histidine, compared with leaves of the same age. This may suggest that metals are transported as stable complexes or that the vacuolar oxygen coordination of the metals is, like in leaves, mainly found in the epidermis. The epidermis constitutes a larger percentage of the total volume in leaves than in stems and petioles. Zn-S interaction was never observed, confirming earlier results that S ligands are not involved in Zn resistance of hyperaccumulator plants.
Heavy metals such as copper, manganese, nickel (Ni), and zinc (Zn) are well known to be essential microelements for the life of plants, and recently, even cadmium (Cd) was found to act as the active center of a plant enzyme (Lane and Morel, 2000) . On the other hand, elevated concentrations of these metals induce inhibition of plant metabolism, leading to various effects depending on the metal applied, the type of affected plant, and the environmental conditions during the stress (for review, see Clijsters and Van Assche, 1985; Fernandes and Henriques, 1991; Baró n et al., 1995; Prasad and Hagemeyer, 1999) .
Plants developed a number of strategies to resist the toxicity of heavy metals, such as efflux pumps (van Hoof et al., 2001) , complexation of heavy metals inside the cell by strong ligands such as phytochelatins (for review, see Cobbett and Goldsbrough, 2002) or His (Krämer et al., 1996) , and several more mechanisms (Maeda and Sakaguchi, 1990; Prasad and Hagemeyer, 1999) . Plants that actively prevent metal accumulation inside the cells are called excluders. These represent the majority of metal-resistant plants (Baker, 1981) . Other resistant plants deal with potentially toxic metals in just the opposite way, i.e. they actively take up metals and accumulate them. The active accumulation in the aboveground parts of hyperaccumulator plants provides a promising approach for both cleaning anthropogenically contaminated soils (phytoremediation) and for commercial extraction (phytomining) of metals from naturally metal-rich (serpentine) soils (McGrath et al., 1993 (McGrath et al., , 2002 . These plants, which have been named "hyperaccumulators" (Brooks et al., 1977) , are able to accumulate several percent metals in the dry weight of their aboveground parts. By now, more than 400 species of hyperaccumulators for diverse metals have been identified, and 75% are Ni hyperaccumulators (Baker and Brooks, 1989; Brooks, 1998) . In contrast, only 16 species of Zn hyperaccumulators have been found so far (Brooks, 1998) , the best known of which is Thlaspi caerulescens J. & C. Presl. This species, and in particular the Ganges ecotype, is the first one that has been shown to be also a true Cd hyperaccumulator (referred to as "French A" in Lombi et al., 2000) , in the sense of accumulating more than 10,000 ppm Cd in the dry weight of its aboveground parts. Although Lombi et al. (2000) were the first to report that the Ganges ecotype accumulates many times more Cd than other T. caerulescens ecotypes, Robinson et al. (1998) had shown already that it generally accumulates Cd in its natural environment.
Several studies have shown that metal accumulation serves as a defense mechanism against herbivores and pathogens (Boyd, 1998) . Pence et al. (2000) found that the increased uptake of Zn is because of a much higher expression level of specific Zn transport proteins. For understanding and finally further enhancing the mechanisms of hyperaccumulation, it is crucial to know whether the metals hyperaccumulated inside the cells are bound by strong specific ligands (Krämer et al., 1996) , or whether they are only loosely associated with organic acids that are always abundant in plant cell vacuoles. Especially for Cd but also for Zn, very little is known with regard to these questions in hyperaccumulator plants. Kü pper et al. (1999 Kü pper et al. ( , 2000 reported that the total sulfur (S) concentration in cells is lower than the Cd concentration and that there is no correlation between the concentrations of Zn and S. Clearly, the major ligands for both Cd and Zn in hyperaccumulator plants must be different from the phytochelatins known from normal plants (for review, see Cobbett and Goldsbrough, 2002) . Further evidence to this end was obtained by Ebbs et al. (2002) , who demonstrated that phytochelatin levels in both shoots and roots of Cd-accumulating T. caerulescens are lower than in the related nonaccumulator Thlaspi arvense. Finally, a number of recent studies have indicated that metal compartmentation is a key resistance mechanism. Metals were shown to be preferentially sequestered in compartments (vacuoles) and cell types (epidermal storage cells) where they do least damage to photosynthesis (Kü pper et al., 1999 (Kü pper et al., , 2000 (Kü pper et al., , 2001 Frey et al., 2000; Psaras et al., 2000; Psaras and Manetas, 2001) . When metal concentrations in hyperaccumulators, however, reach toxic levels, several additional resistance mechanisms may become activated. In the mesophyll of metal-stressed hyperaccumulator plants, an increase of the Mg content was found (Kü pper et al., 2000 (Kü pper et al., , 2001 , which was interpreted as a defense against the replacement of Mg 2ϩ in chlorophyll by heavy metals (Kü pper et al., 1996 (Kü pper et al., , 1998 (Kü pper et al., , 2002 .
The method of extended x-ray absorption fine structure (EXAFS) is an element specific method and, therefore, particularly suited for analyzing the in vivo ligand environment of Cd and Zn in plants. Furthermore, in contrast to most other spectroscopic methods, it is applicable to intact frozen tissues, which was done first by Salt et al. (1995) . In addition, EXAFS offers a much higher sensitivity compared with the main alternative method, NMR.
In the present study, EXAFS was used to investigate the ligand environment of both Zn and Cd in frozen hydrated tissues of T. caerulescens (Ganges ecotype). This ecotype of T. caerulescens, originally called "French A" , has the highest known Cd hyperaccumulation capacity. Several tissues of different ages and with different metal treatments were analyzed to identify differences in metal coordination caused by aging, by differences in tissue function, and by different levels of Cd-induced stress. Model complexes were prepared as references.
RESULTS

Plant Growth and Metal Uptake
Plants treated with Cd 2ϩ showed a reduced growth (shoot fresh weights after 12 weeks of growth: Znonly plants, 5.32 [Ϯ1.60] g; 50 m Cd, 1.08 [Ϯ0.18] g; 100 m Cd, 0.50 [Ϯ0.14] g) and slight chlorosis compared with the plants grown only with Zn 2ϩ , i.e. they suffered from pronounced but not lethal Cd toxicity. Although the Cd stress symptoms were pronounced in the exponential growth phase (see above), they diminished later, so that after half a year, much less difference was found between Cd-treated and Znonly plants (data not shown). The metal analyses of digested samples showed not only the high capacity of Cd uptake of this plant species as published earlier but some further interesting aspects (Table I) . For the first, the 100 m Cd treatment did not yield a much higher Cd concentration in the plants than the 50 m Cd treatment, i.e. the plants were able to down-regulate the Cd uptake. Much more surprisingly, the concentration of Zn was higher in the Cd-treated plants than in the controls. The effect was observable in all analyzed tissues (stems, petioles, and leaves) but was by far most pronounced in the stems, where the Zn concentration increased 10-fold as a response to Cd treatment (Table I).
EXAFS Measurements
Model Compounds
Several Cd and Zn model complexes were measured as "fingerprints" of the most important potential types of ligands in plants and, thus, facilitated the evaluation of the in vivo EXAFS data. The pH of the solutions of the model compounds resembled the pH of the compartment where these ligands are predominantly found in plant cells, e.g. acidic pH in case of the vacuole. The measurements have shown that these ligands yield clearly distinguishable XAS signals both for Cd ( Fig. 1 ) and for Zn (see "Znstandards.TIF" in the supplemental material and spectra published by Salt et al., 1999) . White line intensity and position of maxima and minima especially change depending on coordination number, ligand type, and individual bond lengths. The differences were, however, much better visible and quantifiable (see below) in the EXAFS (Fig. 1, bottom) than in the XAS of the X-ray absorption near edge structure (XANES) region (Fig. 1, top) . For all model compounds, the coordination numbers 4 to 6 were tested in the simulations of the data. For the aquo, citrate, and His complexes, the lowest fit index (FI) was found for a coordination number of six; for Cdglutathione, the best result was obtained with a coordination number of five.
Plant Samples
In all samples obtained from plants grown on both Zn and Cd, the metal concentration was high enough to obtain EXAFS data with a good signal to noise ratio, as shown in Figure 2 for the Cd-EXAFS of a young leaf and in Figure 3 for the Zn-EXAFS of the same sample. Samples taken from different plant organs yielded clearly distinguishable XAS and EXAFS signals reflecting the different types of ligands involved in metal complexation in various parts of the plant investigated ( Fig. 4 ; Tables II and III) .
XAS averages over all metal environments present in the sample. To not bias any model, EXAFS data of all plant samples were tested for coordination numbers four to six. In all cases, the coordination number of six resulted in the lowest FI (data not shown). With this overall coordination number, the ratios of the potential ligands have been refined. During the refinement, the individual distances were allowed to vary. This provides an indicator for chemical correct results because any deviation from the typical individual bond length would identify models that are only mathematically correct. Table II summarizes the results from refining the EXAFS data with Excurve98 and provide independent evidence for the presence of the ligands expected.
The results of the component analysis (CA) of the EXAFS region are shown in Table III . Obviously, both the CA and the refinement yielded qualitatively very similar results concerning the main ligands involved in metal complexation.
In all plant samples, an average first shell coordination of O/N with varying additions of S was detected as the main contribution. EXAFS analysis generally cannot discriminate between N and O ligation. However, His ligands can be identified via a specific multiple scattering pattern they generate. Supported by data of the model compounds Cd-His and Zn-His, contributions at longer distances (Figs. 2 and 3, bottom) were attributed to the multiple scattering in the His ring. For Cd, however, this multiple scattering contribution is not that significant (for example, see Heinz et al., 2003) . Thus, in the refinement, we did not further discriminate between nitrogen (N) and oxygen (O) donors. Therefore, for Cd, the His contribution was estimated only by the CA (Table III) .
The ligand environment in the plant samples differed depending on the metal, the plant tissue, and the age of the tissue.
Metal-Specific Differences in Ligand Environment
In the case of Zn, the His contribution (multiple scattering contribution at around 3 and 4 Å) was much more pronounced than in the case of Cd (Figs. 2 and 3). No S ligands were detected around Zn, Figure 3 . Typical example of data obtained by in situ x-ray absorbance measurements (Zn edge) of frozen hydrated T. caerulescens tissues. This example represents a measurement of Zn-EXAFS in a young leaf. Top, Raw data after normalization and fit with data sets of model compounds (see Table II ). Note that x-ray absorbance was measured as an excitation spectrum of x-ray fluorescence. Middle, Normalized EXAFS and fit with theoretical model. Bottom, Fourier transform of the EXAFS and fits with theoretical model (done on normalized EXAFS) and fit with data sets of model compounds. Table II ). Note that x-ray absorbance was measured as an excitation spectrum of x-ray fluorescence. Middle, Normalized EXAFS and fit with theoretical model. Bottom, Fourier transform of the EXAFS and fits with theoretical model (done on normalized EXAFS) and fit with data sets of model compounds.
whereas a varying (see below) proportion of S ligands was found around Cd. The presence of Cd during plant growth did not lead to any association of Zn with S ligands (data not shown). Increasing the Cd concentration from 50 to 100 m did not change the proportion of S ligands around Cd but increased the proportion of His ligands (Table III) .
Age-Dependent Changes in Metal Speciation
The nature of Cd binding changed depending on tissue age (Tables II and III) . In young leaves, around 25% of the Cd ligands were S ligands (e.g. phytochelatins, metallothioneins, and other Cys-rich peptides). The proportion of S ligands decreased with increasing leaf age; in senescent leaves, almost exclusively O ligands were found. The same trend was found comparing stems and petioles in the mature and senescent stage (Tables II and III ). In addition, according to the CA (Table III) , the proportion of His ligands increased from young to mature and from mature to dead leaves.
For Zn, there was no unidirectional trend. On the one hand, a higher proportion of strong ligands (here, only His) was present in young leaves compared with mature leaves, but this was found only in the CA (Table III) , not in the refinement (Table II) . On the other hand, there was an increase of His coordination from mature to dead leaves, i.e. the same effect that had been observed for His complexation of Cd. This was found both by the refinement (Table II) and the CA (Table III) .
Tissue-Specific Differences in Metal Speciation
In mature stems, a large proportion of the metal was coordinated by specific ligands. His was predominant for Zn, and S ligands were predominant for Cd. In contrast, in mature and senescent leaves, both metals were predominantly bound by O ligands, which are rather weak and less specific. These O ligands could be either water or carboxyl groups of organic acids, such as citrate or malate.
DISCUSSION
The analyses of total metal content in the plant samples did not only confirm the high capacity of the Ganges ecotype of T. caerulescens for accumulating Cd but showed that at least in this ecotype, Zn and Cd uptake are interacting in an unusual way. The enhancement of Zn uptake in Cd-treated plants may indicate that the plants actively defend themselves against Cd binding to essential Zn sites by shifting the metal equilibrium toward Zn. A similar interaction has been observed earlier (Kü pper et al., 2000 (Kü pper et al., , 2001 between Mg and toxic metals, such as Cd and Ni.
The high Cd uptake efficiency of the Ganges ecotype allowed for a detailed analysis of the ligand types around Cd in plant samples. Furthermore, the measurement of the Zn K edge EXAFS in the same samples helped to compare the affinity of both metals for the ligands available in these plants.
Processing of XAS/EXAFS Data of Intact Tissues
The Zn ligand distances reported here (2.05-2.07 Å) fit very well with distances published for plant samples by Salt et al. (1999) and reported for model compounds and high resolution protein crystal structures (Zn-His, approximately 2.00 Å; and Zn-O, 1.95-2.14 Å; Harding, 2001) . For the Cd ligation, no comprehensive reference study is available, but the distances reported here (Cd-S, 2.46-2.50 Å; and Cd-N/O, 2.25-2.31 Å) match the values published by Salt et al. (1995) for plant samples and typical values in the Cambridge Structural Database for model systems with similar metal environment (Cd-S, 2.46-2.60 Å; and Cd-N/O, 2.22-2.40 Å) and values published by Dakanali et al. (2003) for Cd-citrate. The values found for the Fermi energy are in general agreement with the literature (for Zn, Clark-Baldwin et al., 1998; and for Cd, Pickering et al., 1999) , except for the Cd mature petioles. The ligand proportions and distances of this data set were nevertheless in the normal range (for plant material, see Salt et al., 1995) and very similar to the physiologically related sample of the mature petioles.
Because XAS integrates over all existing sites of the element under study, the measured EXAFS patterns resembled a superposition of different metal-binding sites in various cells and subcellular compartments. Note that both fitting approaches yielded identical results concerning the main ligands, although they are based on different simplifying assumptions. The refinement with Excurve98 simulates the interaction between the central ion and mimics of its ligands. Thus, only individual atoms are modeled but not any interactions (steric hindrance, etc.) between parts of the same ligand and between neighboring ligands around the central ion. In contrast, the measured spectra of the model compounds mimic the set of ligands under natural conditions. Fitting XAS data as a linear combination of measured model data is based on the assumption that each subcellular compartment (e.g. vacuole, cytoplasm, chloroplasts, cell wall) of each cell has only one characteristic type of ligands (e.g. thiols, organic acids, or His). Only in this case can the interaction between different types of ligands, which would lead to changes in metal-ligand bond lengths, be ignored.
Table II. Results of the refinement of the EXAFS spectra using the Excurve98 program
The graphs of the fits for young leaves are shown in Figures 2 and 3 , and those of all other samples are displayed in the figures of the supplemental material. For the samples Zn His and Cd glutathione, the lower no. of ligands results in a slightly better FI. On the basis of an EXAFS analysis, the difference between five and six ligands cannot be distinguished. Similarly, when two different distances were refined for O and N, no significant improvement was found. EF, Fermi energy, defines the threshold for the EXAFS spectra (Rehr and Albers, 2000) . This value was refined for every sample. SE, Mathematical SEs of the refinement (two sigma level). The error of the EXAFS approach as such is higher, about 10% for the proportions, 1 for the no. of total ligands, and 0.01 Å for the interatomic distances. This is revealed by the differences between samples of the same type, shown here for the Cd edge of young and mature leaves, 100 M Cd ϩ 10 M Zn. a FI is higher due to the lower signal to noise ratio of the measured data.
Metal Speciation and Detoxification in Hyperaccumulators
The present study documents that in the locations of the highest heavy metal concentrations in hyperaccumulator plants (Ͼ300 mm Zn is accumulated in the epidermal vacuoles of mature leaves; Kü pper et al., 1999), most of the heavy metals are not bound by strong ligands. This makes sense from an energetical point of view. It is most likely cheaper for the plant to pump the metals into the epidermal vacuoles (Kü pper et al., 1999) and store them there just weakly bound by organic acids that also act as counterions rather than investing energy for synthesizing the large amounts of strong ligands that would be required for binding the metal. The situation is different in nonaccumulator plants, where Cd is bound by S ligands (Cobbett and Goldsbrough, 2002) . For such plants, it seems preferable to synthesize a ligand that can detoxify a range of metals compared with expressing a transporter protein that is specific for one or only a few metals.
An earlier study on metal compartmentation in T. caerulescens (Kü pper et al., 1999) showed that young leaves generally contain less metal than adult leaves. Young leaves have a less pronounced sequestration in the epidermal vacuoles and a higher proportion of the total metal in the mesophyll (i.e. the photosynthetically active tissue). The present results may in- Table III .
Results of fitting the XAS spectra (energy region of the EXAFS analysis, i.e. 20 to 500 eV above the edge) with a linear combination of the measured data sets of representative model compounds
The graphs of the fits for young leaves are shown in Figures 2 and 3 . Those of all other samples are displayed in the figures of the supplemental material. SE, Mathematical SEs of fit (one sigma level). The error of the method as such is higher due to systematic errors; also, the variability of the plants has to be kept in mind. Both contribute to the differences between samples of the same type, as shown for the Cd edge of young and mature leaves, 100 M Cd ϩ 10 M Zn. -, Not measured. No significant difference between the EXAFS spectra of organic acid and aqueous complexes were found; therefore, an average of both data sets was used as model for fitting.
b The Cd-glutathione complex was used as model.
dicate that in young leaves, it is advantageous for the plant to detoxify the heavy metals by synthesizing strong ligands until the sequestration in the vacuole becomes the main detoxification mechanism. Alternatively, it is possible that the mesophyll with its metal-sensitive photosynthetic apparatus (Prasad and Strzałka, 1999 ) is always protected against detoxification of heavy metals with strong ligands, whereas the metals in the epidermis are always stored as free ions or weak organic acid complexes in the vacuoles. The decrease of the proportion of strong ligands with increasing leaf age could then be explained by the increasing proportion of the total metal that is sequestered in the epidermal vacuoles as shown by Kü pper et al. (1999) . If EXAFS of frozen hydrated samples with single-cell resolution (Sarret et al., 2002; Pickering et al., 2003) will become more available in the future, it should be possible to distinguish between these two possibilities. An increase in His complexation of both Cd and Zn was observed in senescent and dead leaves compared with young and mature leaves. This could be caused by the loss of the normal intracellular compartmentation in a dying leaf, allowing interaction of the metals normally stored in the vacuole (Vázquez et al., 1994; Kü pper et al., 1999 Kü pper et al., , 2001 ) with cytoplasmic components. Thus, heavy metals will not only bind to free His that is used for metal transport and detoxification (Krämer et al., 1996) but also to His residues of proteins. Furthermore, enhanced binding to chlorophyll (Kü pper et al., 1996 (Kü pper et al., , 1998 (Kü pper et al., , 2002 ) will occur, which should lead to similar EXAFS signals as in the case of His coordination. The difference in metal speciation between dead and living tissues clearly demonstrates the necessity to preserve intracellular compartmentation (an approach also used by Salt et al., 1995) , i.e. to avoid any fixation other than rapid freezing of hydrated tissues. Drying or freeze-thaw cycles would inevitably lead to an exchange of ligands because the metals that are normally stored in the vacuole (e.g. Kü pper et al., 1999) would enter the cytoplasm and chloroplasts. Work on Ni in Thlaspi goesingense by Krämer et al. (2000) , using cell fractionation and XANES to determine Ni compartmentation and speciation, suggested that the majority of Ni in leaves of the hyperaccumulator was associated with the cell wall. In contrast, Kü pper et al. (2001) , who used energy dispersive x-ray microanalysis of frozen hydrated tissues, found the vacuole to be the major compartment of Ni sequestration in Brassicaceae including T. goesingense. The discrepancy might be because Krämer et al. (2001) used a XANES spectrum of Ni-soaked cell wall material for fitting the XANES spectrum of the intact frozen cells. XANES/EXAFS yields information about the immediate metal environment and not about intracellular compartmentation. The cell wall mainly contains O ligands like carboxyl and hydroxyl groups, so it might not be distinguished properly from other O ligands. This limitation is well known from investigations on metalloenzymes. The second method applied by Krämer et al. (2000) was measuring the metals in isolated protoplasts/vacuoles and assigning all the remaining metal, which was measured in the samples before the preparation procedure, to the "apoplast". Here, originally intracellular metal might be released from the protoplasts/vacuoles (also the seemingly intact ones) during isolation.
The high ratio of His ligands around Zn and S ligands around Cd in stems may indicate that both Zn and Cd are transported as stable complexes, His in the case of Zn and phytochelatins or metallothioneins in the case of Cd. This would be in line with earlier data from Ni hyperaccumulator plants, where Krämer et al. (1996) have shown that free His is a transport ligand for Ni, complexing about 20% of the Ni in the xylem of these plants. On the other hand, Salt et al. (1999) did not find any His complexing Zn in xylem exudate of T. caerulescens, making an alternative explanation for the results of the present study more likely. It seems that at least part of this tissuespecific difference can be explained by the differing volumes of metal-storing compartments. The lower percentage of weak metal complexes in stems and petioles compared with leaves may be caused by a lower ratio of epidermal vacuole volume (and, therefore, amount of metal) in comparison with the total tissue volume. Our finding of about 24% to 30% His coordination of Zn in mature leaves is also in line with Salt et al. (1999) , who found 16% His coordination in mature shoots (which are in T. caerulescens mainly leaves). Salt et al. (1999) did not analyze, however, petioles, stems, or young leaves, i.e. those tissues that we found to have a much higher ratio of Zn coordination by His.
In contrast to Cd, S ligands were not found to be involved in Zn complexation. This confirms the earlier studies of Salt et al. (1999) that used only mature tissues and of Sarret et al. (2002) who used the Zn hyperaccumulator Arabidopsis halleri. In our opinion, this can be explained mainly by two reasons. (1) According to Satofuka et al. (2001) , phytochelatins have a much lower affinity for Zn compared with Cd. Thus, under limited concentrations of phytochelatins, mostly Cd will be coordinated. However, this cannot be the major reason because samples from plants without any Cd did not have any S ligands around Zn. (2) In the case of Zn, S ligands are not required because the sequestration of Zn in the vacuoles plus the complexation by His provide sufficient protection from the very beginning of leaf ontogenesis. Therefore, if only Zn is supplied to the plant, phytochelatins will not be expressed. This is in line with the observation that there is not any correlation between the content of Zn and S in the cells of Zn hyperaccumulator plants (Kü pper et al., 1999 (Kü pper et al., , 2000 . (Shen et al., 1997) . The pH of the solution was maintained at around 6.0 with 2,000 m MES (50% as potassium salt). The nutrient solution was aerated continuously and renewed every 5 d. Two weeks after transferring the seedlings into hydroponic solution, 0 (control), 50, or 100 m CdSO 4 was added to the solution. Each treatment was replicated with two pots (each of them with four plants) in a first experiment and with one pot (four plants) in a second experiment half a year later.
Plants were grown in a room with 14-h day length and 24°C/20°C day/night temperature. The photon flux density during the light period was 60 mol m Ϫ2 s Ϫ1 . Irradiance was supplied by a 1:1 mixture of "cool-white" and Osram Fluora fluorescent tubes (Osram, Mü nchen, Germany).
Preparation of Plant Samples for EXAFS Measurements
After about 6 months of plant growth, samples were taken from several plant organs (stems, leaf petioles, and leaves). To eliminate problems of element redistribution during sample preparation, the collected tissues were frozen in melting N slush and afterwards immediately stored at Ϫ80°C. To obtain representative data sets within the limited Synchrotron beam time, aliquots of samples from all plants of the same metal treatment (see above) were mixed, so that each EXAFS sample represented the average of four to eight plants. For the EXAFS measurements, the frozen hydrated samples were ground to powder in a mortar and filled into EXAFS cuvettes; this was also all done at Ϫ80°C. Afterward, the cuvettes were sealed with Kapton tape (Kaptontape, Torrance, CA) and stored in liquid N.
Preparation of Model Complexes for EXAFS Measurements
Five millimolar solutions of both Zn and Cd sulfate were used as reference for the aquo complexes. His and glutathione complexes of both metals were made by adding 50 mm ligand to a 5 mm solution of the metal sulfates. The Cd citrate complex was made by adding 50 mm citric acid to an aqueous solution of 5 mm CdSO 4 ; Zn citrate was obtained from Merck (Darmstadt, Germany) and dissolved in 50 mm citric acid. Our model complexes were acidic, resembling the situation in plant vacuoles, which are the compartments where plants store organic acids and are main sinks for heavy metals in hyperaccumulators (Kü pper et al., 1999 (Kü pper et al., , 2001 . The pH values were about 2.6 for the citrate complexes, 2.9 for the glutathione complexes, 4.8 for the aquo complexes, and 6.0 for the His complexes. All solutions of the model complexes contained 30% (v/v) glycerol to minimize the formation of ice crystals during freezing. The samples were transferred into EXAFS cuvettes and frozen in liquid N.
EXAFS Measurements and Data Analysis
Measurements were performed at the EMBL bending magnet beam line D2 (DESY, Hamburg, Germany) using for the Zn K edge an Si(111) and for the Cd K edge an Si(311) double crystal monochromator, a focusing mirror (for Zn only), and a 13-element Ge solid-state fluorescence detector. All samples were mounted in a top-loading closed-cycle cryostat (modified Oxford Instruments, Wiesbaden, Germany) and kept at about 30 K. The transmitted beam was used for energy calibration by means of the Bragg reflections of a static Si(220) crystal (Pettifer and Hermes, 1985) . Between 1 and 2 million counts per data point above the absorption edge were accumulated for each Cd edge measurement, and at least 500,000 counts were accumulated for each Zn edge measurement.
The EXPROG program package (Hermes and Nolting, EMBL, Hamburg) was employed for data reduction. Analysis of the spectra was done with Excurve98 using constrained parameters (Binstead et al., 1992 ) with a data range from k ϭ 2.0 Å Ϫ1 to k ϭ 13.5 Å Ϫ1 for the Zn K edge and from k ϭ 3.0 Å Ϫ1 to k ϭ 12.5 Å Ϫ1 . The set of potential ligands coordinating Zn and Cd is limited to S, O, and N for these samples. EXAFS data analysis generally cannot discriminate between N and O ligation. However, aromatic ligands, such as His, can be identified via the specific multiple scattering pattern they generate. For the imidazole ring with one N at about 2 Å, two C at about 3 Å, and an N and an C at about 4 Å, multiple scattering contributions up to 5th order were considered in the simulations. All other contributions were calculated in the single scattering small atom approximation (Rehr and Albers, 1990) . The distance of N and O ligands were kept at identical distances for the refinement to lower the number of free parameters and to prevent overinterpretation of data. For Cd, the multiple scattering contributions from imidazoles are not significant. Even in the case of proteins where the coordination of His is known (Heinz et al., 2003) , multiple scattering contributions are difficult to refine. S contributions to the first shell at around 2.5 Å are clearly distinct from those of low Z scatterers. As a consequence, for the Excurve refinement only one shell for low Z scatterers (N/O) and one for S scatterers were included. In this case, the His contribution was estimated only by the CA (see below). For all spectra, the Fermi energy, the first shell distances, the Debye-Waller parameters, and the coordination numbers of the potential ligands were refined. The Fermi energy defines the energy threshold of each EXAFS spectrum (Rehr and Albers, 2000) . The Debye-Waller parameter is proportional to static and dynamic disorder of each shell. The bond distances obtained for the metal coordination in plant compartments are consistent with the distances determined for the model systems (see Table II ). This consistency is indirect proof for the approach we used.
In addition to the refinement described above, the measured data of all plant samples were fitted with a linear combination of the measured curves of all model complexes. This fit, subsequently called CA, was done to have a second method to estimate the proportions of the different types of ligands around the metals. No k weighting was applied to data lowering the influence of noise at high photoelectron wave vector (k). The fitting of measured XAS sample data by a linear combination of measured model data has also been used successfully by Salt et al. (1999) for Zn in samples of T. caerulescens. In the present work, the approach of Salt et al. was modified as follows. In the present work, the EXAFS range of energies (i.e. 20-500 eV above the edge) was fitted instead of the extended XANES range used by Salt et al. This was done because the ses of the fits and also the deviations between samples of the same tissue were much larger for the XANES region (data not shown) compared with the EXAFS region (Table III) . This had to be expected because in the XAS spectra of the XANES region, the visible differences between the model compounds were also much smaller than in the EXAFS region (Fig. 1, top) , so that tiny differences in normalization of the spectra could strongly affect the results. In addition, because of the steepness of the edge, already small (1-2 eV) inaccuracies in the energy calibration of the spectra lead to large errors in the CA around the edge. Therefore, only the data of the EXAFS region were used for further analysis. Because the XAS and EXAFS spectra of the aqueous and organic acid complexes of both metals were not sufficiently different to distinguish between them with an acceptable error margin (Fig. 1) , we averaged these two model complexes in the fits of the plant samples.
Determination of Metals in Whole-Plant Tissues
Frozen hydrated plant samples (see above) were lyophilized, ground, and subsequently digested with a mixture of HNO 3 and HClO 4 (Zhao et al., 1994) . Concentrations of Cd and Zn in the digests were determined using inductively coupled plasma mass spectroscopy.
